The objective of this study was to determine whether each of several different memory processes is encoded exclusively by specific single neurons (single-neuron coding) or by overlapped groups of neurons (population coding by cell assembly). Single neuronal activity was recorded from the rat hippocampal formation (CAl, CA3, dentate gyrus) and temporal cortex during the performance of simple auditory, simple visual, and configural auditory-visual discrimination tasks. All the tasks employed the identical apparatus and time parameters and differed only in the type of stimuli to be processed for correct performance.
It is known that different large-scale subsystems in the brain underlie different memory processes (Squire, 1987) . On the other hand, with regard to the neuronal mechanisms underlying the different memory processes, one of the most basic questions remains unanswered; that is, what is the neuronal code of memory processing? The most extreme views concerning this question are the single-neuron coding and the population-coding hypotheses. The former regards the neuron as a processor dedicated to a given memory process and is based on the single-neuron doctrine (Barlow, 1972) which holds that behavioral functions are encoded uniquely in the activity of individual neurons. The latter view is based on the theory of the "cell assembly" (Hebb, 1949) which is a set of coactive neurons that are involved in several memory processes. Neurons that participate in one cell assembly overlap somewhat with other cell assemblies, suggesting that the typical single neuron belongs to many assemblies (Palm, 1982) . Consequently, a given neuron should underlie several different types of memory. Moreover, neurons within an assembly are thought to show correlated activities by their functionally connected synapses.
The goal of the present study is to determine which of these views is correct; that is, to determine whether each of several different memory processes is encoded exclusively by specific single neurons (single-neuron coding) or by overlapping groups of neurons (cell-assembly coding). The strategy for attaining this goal is to test whether the two characteristic features of a cell assembly, that is, functional overlapping and correlated activity among neurons, are found when several different memories are being processed in the brain.
The different memories employed here are memories for different types of stimuli, the modalities and configurations of which differ from each other. The first behavioral task was a test of memory for mono-modality auditory stimuli and involved simple auditory discrimination. The second task was a test of memory for mono-modality visual stimuli and required simple visual discrimination. The third task was a test of memory for cross-modality auditory-visual stimuli and required configural auditory-visual discrimination. In these tasks, the apparatus and time parameters were identical and only the types of stimuli to be processed differed. Each rat was well trained in all of the tasks, and the activity of individual neurons was recorded during performance of the tasks. The brain regions from which neuronal activity was recorded were hippocampal CAl, CA3, dentate gyrus (DG), and temporal cortex (TC). The former three regions comprise the hippocampal formation (Eichenbaum et al., 1994) which has long been regarded as a crucial structure for memory (Olton et al., 1989; Cohen and Eichenbaum, 1993) . TC is a relatively well developed neocortical region in rats and is composed mostly of auditory cortex (Webster, 1995) . Some researchers, notably Weinberger and coworkers (Weinberger, 1993) have shown important roles and dynamic features of the temporal cortical neurons in relation to learning and memory.
Preliminary data of the present study have been reported briefly elsewhere (Sakurai, in press ).
MATERIALS AND METHODS

Animals
Eleven 5-month-old male albino rats (Sankyo Labs, Toyama, Japan) were used. The rats were housed individually, with a 12 hr light/dark cycle. Cage dimensions were 25 x 15 x 20 cm. Lights were on from 9:00 A.M. to 9:00 P.M. All behavioral training and recording was conducted during the light phase of the cycle. All rats were fed enough lab chow l-3 hr after their daily training or recording session to maintain them at 90% of their ad libitum weight. Water was available continuously.
Apparatus
Behavioral training took place in an operant chamber, 23 x 11 X 35 cm (Sakurai, 1987 (Sakurai, , 1990a . One wall of the chamber had a translucent response panel, 4 X 7 cm, 3 cm above the floor. The panel was illuminated by an 8 V, direct-current bulb that was covered by a guillotine door. A buzzer was located behind the panel. A loudspeaker (15 cm in diameter) was set 30 cm above the top of the chamber for presentation of auditory stimuli, and two 8 V, direct-current bulbs were placed 2 cm to the left and right of the chamber for presentation of the visual stimuli. A food dispenser delivered a 45 mg food pellet to a magazine that was located 1.5 cm above the floor and 1 cm from the corner of the right wall. The chamber was enclosed in a soundproof box (Japan Shield Enclosure, Osaka, Japan). All events were controlled, and the behavioral and neuronal data were recorded by personal computers (NEC, Tokyo, Japan).
Behavioral tasks
Common procedure. At the start of each trial, one of the discriminative stimuli was presented and continued for 2 sec. After stimulus offset, the guillotine door opened to make the illuminated response panel available for 3 sec. Pressing the panel during the 3 set period was a "go" response and not pressing it for the 3 set was a "no-go" response. A correct go response turned the panel light off and delivered a food pellet immediately after the response. An incorrect go response turned the panel light off, produced a 0.5 set buzzer noise, and was followed by two additional trials with the same discriminative stimulus (correction trials) on which no-go responses were required. No data were obtained from the correction trials. Only correct go trials delivered a food reward (asymmetrical reward). The intertrial interval was 12 sec. A training and recording session consisted of 120 trials for the simple auditory discrimination and simple visual discrimination tasks and 160 trials for the configural auditory-visual discrimination task, not including correction trials.
Procedure of each tusk.
(1) Simple auditory discrimination task: the discriminative stimuli for each rat were two auditory stimuli, high tone (10 kHz, 85 dB) (tone A) and low tone (2 kHz, 85 dB) (tone B). One of them was presented on each trial in a random manner. Go responses on tone A trials and no-go responses on tone B trials were correct. (2) Simple visual discrimination task: the discriminative stimuli for each rat were two visual stimuli. Either the right-side (light X) or left-side (light Y) bulbs was illuminated on each trial in a random manner. Go responses on light X trials and no-go responses on light Y trials were correct. (3) Configural auditory-visual discrimination task: one of four discriminative stimuli, simultaneously presented high tone and right-side illumination (AX), high tone (A) alone, right-side illumination (X) alone, or simultaneously presented low tone and left-side illumination (BY), was presented on each trial in a random manner for each rat. Go responses on AX trials and no-go responses on A, X, and BY trials were correct. Figure  1 illustrates the apparatus, the sequence of events in a trial, and the discriminative stimuli and correct responses in each of the tasks. In these tasks, the apparatus, time parameters, and rats were identical, and only the types of stimuli differed. Therefore, any differences in neuronal activity among the tasks should be attributed to differences in the type of stimuli being processed. The criterion for performance was 85% correct trials in a session. The training before the surgery for implantation of electrodes continued for a period of -40 d until the rats came to perform well in all of the tasks in 1 d.
Electrodes
Construction. Single-neuron recording was carried out using a differential recording technique (Sasaki et al., 1983) to eliminate chewing and movement artifacts. Each electrode consisted of a closely spaced pair of Formvar-insulated, 25 pm, nichrome wires (A-M Systems, Everette, WA) dipped into Epoxylite insulating compound (Epoxylite, Irvine, CA). Surface tension held the two ends together while the Epoxylite was ovencured. The two parallel wires were cut at right angles with sharp surgical Figure 1 . Top left, the apparatus for the tasks. Top right, sequence of events within a trial. Each trial consisted of a 2 set stimulus presentation and a 3 set response-opportunity period during which the door opened and the panel was available to be pressed. Bottom, the discriminative stimuli and correct responses in each of the tasks.
scissors, resulting in two conductors with a center-to-center spacing of 40 pm. The pair of wires was mounted in a 30 gauge stainless steel cannula (Small Parts, Miami, FL) with 1.0 mm of tip protruding. The tip impedance was -1 Ma (at 1 kHz). Five cannulas with electrodes were attached in a row, with a center-to-center spacing between the cannulas of 200 Frn. The row of cannulas was mounted on a microdrive assembly (McNaughton et al., 1989) designed to allow fine movements of the electrodes during chronic recording.
Implantation. After completion of the behavioral training, the rat was anesthetized with sodium pentobarbital(40 mg/kg), and the microdrive with cannulas for single-neuron recording was chronically implanted over the TC or the hippocampal subfields. The stereotaxic coordinates for each region were the following: TC, 4.5 mm posterior from bregma and 7.0 mm lateral from the midline: CA1 and DG. 4.0 mm oosterior from bregma and 2.5 mm lateral from the midline; and CA1 a'nd CA3, 4.0 mm posterior from bregma and 3.2 mm lateral from the midline. After the exposed dura matter was punctured, the electrode tips were implanted to a depth of -500 pm into the cortex. The craniotomy was filled with Dow Corning silicone (Dow Corning, Corning, NY) to a level just above the exit of the electrode from the cannula. After the supports of the microdrive and cannulas were coated with a thin film of Dow Corning silicone, the entire assembly was embedded in dental cement.
Recording of neuronal activity
Techniques. Approximately 6 d after the surgery, the implanted electrodes were lowered into the brain using the microdrive. An electrode pair was led to a field-effect transistor (FET) module mounted on the head. The FET module consisted of five FETs (NEC) to which the five electrode pairs were led. Single neuronal activities from five electrode pairs therefore could be recorded simultaneously. Usually the activity of one to three neurons was recorded at one recording time. Their outputs were amplified further and then fed into time-amplitude window discriminators (BAK Electronics, Germantown, MD) to change the neuronal activity into a discrete transistor-transistor logic (TTL) rectangular pulse. A TTL input/output (I/O) board in the computer system counted the TTL pulses. The activity of a neuron was recorded as a single neuronal activity if it had a peak amplitude at least 2.0 times greater than noise, and the amplitude, duration (spike width), and waveform were confirmed to be constant by visual examination on a storage oscilloscope. Differential recording with these electrodes and microdrive has been shown to yield stable, single neuronal activity (McNaughton et al., 1989; Sasaki et al., 1983 ). In the cases in which one electrode had multiple units, single neuronal activities were identified and recorded by means of separation with the time-amplitude window discriminator.
Recording during the tasks. When neuronal activity was detected, the rat was returned to its home cage. When the neuronal activity was still present after 2 hr, it was judged to be stable and suitable for several hours of recording. The rat was then retrained in the simple auditory, simple -4 visual, and configural auditory-visual discrimination tasks in that order, and single neuronal activities were recorded during task performance. A recording session consisted of 120 trials for the former two tasks and 160 trials for the last task, each of which lasted 40 min to 1 hr, and the interval between the tasks was -1.5 hr. Consequently, the recording period was -7 hr, during which changes in the recording quality were unlikely to occur with the present method. Also, because the total amount of food pellets a rat could eat during all the tasks was 7 gm at most, motivational changes were unlikely to occur among the tasks in a day.
Recording not during the tasks. After neuronal activity was recorded during the performance of the tasks, the response panel was covered with a board, and spontaneous activity of the neuron was recorded for 30 set while the rat was alert but quiet. Recording was then carried out during the presentation of the auditory and visual discriminative stimuli for 1 set each, in random order. Each discriminative stimulus was presented 15 times with an interstimulus interval of 1 sec. Recording was also carried out when the door opened and the rat pressed the response panel. The door opened 15 times at intervals of lo-30 set (median, 20 set) and was open until the rat pressed the panel on each open period.
Data analysis
Analysis of each neuronal activity to define task-related neurons. Recorded neuronal activity was stored in a computer memory, and histograms of firing rate were tabulated. Because it is usually difficult to predict the type (normal or non-normal) of distribution of neuronal firing rates, distribution-free nonparametric statistics (Siegel, 1956 ) were used to analyze statistically the neuronal activities. The neuronal activity data recorded during performance of the tasks were collected from trials on which correct performance was conducted and were analyzed by sequential comparison of 2 set of prestimulus and 2 set of poststimulus firing rates (Wilcoxon signed-rank test) and by comparison between the discriminative stimuli (Mann-Whitney U test for the simple auditory and visual discrimination tasks and Kruskal-Wallis H and Mann-Whitney U tests for the configural auditory-visual discrimination task) in each task. To account for the neuronal activity recorded not during the tasks, stimulus-elicited activation of neurons for each of the stimuli was tested by a statistical comparison (Wilcoxon signed-rank test) between spontaneous activity and activation during the stimulation. Motor-related activation of neurons before the response was also tested by a statistical comparison (Wilcoxon signed-rank test) between spontaneous activity and activation during the 2 set just before the response. Consequently, neurons were judged to be "task-related" and thought to be involved in the memory process of the task only when they showed statistically different (p < 0.05) activity in both of the sequential and the betweenstimuli comparisons during the tasks and also when the differential activity was confirmed to reflect neither stimulus-elicited nor motorrelated activities not during the tasks.
Cross-correlation analysis among activities of neurons. Cross-correlation analysis (Perkel et al., 1967 ) is a method to detect activity correlations and show functional synaptic connections among the neurons in behaving animals (Sakurai, 1993) . Correlations in the activity between neurons reveal the number of instances in which the discharge of one neuron is followed by a discharge in another neuron. This analysis was carried out on each pair of the simultaneously recorded activities of neurons and gave a set of cross-correlograms.
To eliminate the effects of stimulus presentation, response emission, and/or reward delivery on activity correlations, cross-correlograms were computed only for intertrial intervals and were averaged for all trials of a session. Also, to eliminate the effects of stimulus-offset to start the intertrial intervals on activity correlations ("stimulus correlation"), shuffled cross-correlograms (Toyama et al., 1981; Hata et al., 1988) were constructed and subtracted from the original cross-correlograms.
All results reported here refer to such subtracted cross-correlograms, that is, "difference correlograms" (M. . Because periodic discharges of one neuron can produce nonsynaptic correlations with the activity of another neuron, autocorrelograms of each neuron were also computed to eliminate neurons showing periodicity of their discharges. To test whether the revealed correlations, appearing as peaks in the difference cross-correlograms, are statistically significant, a band of 99.5% confidence limits (Abeles, 1982) for the equivalent, independent Poisson processes is shown for each difference cross-correlogram.
Histology
After the experiment, each rat was anesthetized deeply with an overdose of sodium pentobarbital (120 mg/kg), and perfused with 10% buffered formalin solution. The brain was frozen and sectioned at 50 pm intervals. The locations of electrode tips and tracks in the brain were identified with the aid of a stereotaxic atlas (Paxinos and Watson, 1986) . Figure 2 shows the anatomical locations of the tips of the cannulas with electrodes. The total number of recorded neurons was 176, among which 114 were from the hippocampal formation (47 from CAl, 34 from CA3, and 33 from DG) and 62 were from TC. The averaged number of locations of electrode tips from which neuronal activities were recorded was -10 per rat. The neurons from CA1 and CA3 were judged to be complex spike cells, because their spontaneous firing rates were low (0.1-10 Hz) and their spike durations were long (>0.5 msec) (Forster et al., 1987) ; 0 cells were not included.
RESULTS
Samples of recorded neurons
Examples of task-related neurons Figure 3 is an example of the frequency histograms obtained from a neuron in TC. The figure is divided into upper left, lower left, and right portions, corresponding to when the rat was performing the simple auditory, simple visual, and configural auditory-visual discrimination tasks, respectively. This neuron showed differential activity between the discriminative stimuli in only one of the tasks, that is, the simple auditory discrimination task. This neuron is task-related in this one task (one-task-related) and thought to be involved in that memory process alone. Figure 4 is an example of the histograms obtained from a neuron in CA3. This neuron showed differential activity between the discriminative stimuli in two of the tasks, that is, the simple visual and configural auditory-visual discrimination tasks. This neuron is task-related in those two tasks (two-tasks-related) and thought to be involved in both memory processes. Figure 5 is an example of the histograms obtained from a neuron in CAl. This neuron showed differential activity between the discriminative stimuli in all of the tasks, that is, the simple auditory, simple visual, and configural auditory-visual discrimination tasks. This neuron is task-related in all tasks (all-tasksrelated); however, this neuron might be involved in motor processes rather than in memory processes, because all the discriminative stimuli with increments of the activity were followed by go responses. Therefore, the activity not during the tasks was tested (see "Data analysis"). This neuron showed no increment of activity before go responses (motor-related activity) not during the tasks. Consequently, the differential activities of this neuron during the tasks reflect not motor-related but task-related mnemonic functions, and this neuron is judged to be involved in all of the memory processes. Figure 6 is an example of the histograms obtained from a neuron in DG. This neuron showed complex differential activities between the discriminative stimuli in all of the tasks. Although this neuron is task-related in all tasks (all-tasksrelated), it might be involved in sensory processes in addition to memory processes, because increments of the activity appeared on tone-A trials in the simple auditory and configural All parameters and symbols arc as in Fig. 3 . The histogram in the bottom is collected from the recording not during the tasks, in which the rat conducted only go responses, and represents firing rates during periods of baseline (left, 2 set) and those immediately before go responses (right, 2 set).
auditory-visual discrimination tasks. Therefore, the activity not during the tasks was tested. This neuron showed no significant stimulus-elicited activation by tone-A presentations not during the tasks. Consequently, the differential activities of this neuron during the tasks reflect not sensory but task-related mnemonic functions, and this neuron is judged to be involved in all of the memory processes. . Firing rate histograms from a DG neuron. This neuron showed task-related differential activity in all of the tasks (all-tasks-related). All parameters and symbols are'as in Fig. 3 . The histogram in the bottom is collected from the recording not during the tasks, in which only the discriminative stimuli were presented, and represents firing rates during prestimulus (left, 2 set) and poststimulus (right, 2 set) periods in which tone A was presented. tions of one-task-related, two-tasks-related, and all-tasksrelated neurons were not significantly different, that is, 24%, 23%, and 26%, respectively. There were no significant differences among the proportions of either one-task-related neurons (A, v C) or of two-tasks-related neurons (AV, AC, VC). Figure 8 represents the proportions of the task-related neurons in each subfield of the hippocampal formation. Again, no significant difference among any proportions was found, except that the proportion of all-tasks-related neurons is significantly larger than those of one-task-related and two-tasks-related Figure 7 . Proportions of the hippocampal formation neurons showing task-related activity in only one of the tasks (one-tusk-related), in two of the tasks (two-tasks-related), and in all of the tasks (all-tasks-related). A, Neurons related to the simple auditory discrimination task; V, neurons related to the simple visual discrimination task; C, neurons related to the configural auditory-visual discrimination task; AV, neurons related to the simple auditory and simple visual discrimination tasks; AC, neurons related to the simple auditory and configural auditory-visual discrimination tasks; VC, neurons related to the simple visual and configural auditory-visual discrimination tasks; AI/C, neurons related to the simple auditory, simple visual, and configural auditory-visual discrimination tasks.
neurons in DG (X'(2) = 12.02, p < 0.005). Consequently, although only DG showed a difference among the proportions of the three types of task-related neurons, the combined proportions from CAl, CA3, and DG, which are referred to as a result from the hippocampal formation, were almost equal to one another. In the TC, the proportions of one-task-related, two-tasks-related, and all-tasks-related neurons were almost equal, that is, 23%, 21%, and 26%, respectively (Fig. 9) . Only the proportions of one-task-related neurons showed a significant difference among them; there were more neurons related to the auditory task (A) than related to visual (V') and configural (C) tasks (X2(2) = 18.86,~ < 0.001).
Samples of simultaneously recorded neuron-pairs for cross-correlation analysis
The total number of neuron pairs recorded were 22 in TC and 64 in the hippocampal formation (25 from CAl, 21 from CA3, and 18 from DG). Because construction of cross-correlograms needs large numbers of neuronal discharges, neuron pairs with combined total numbers of discharges <2,000 during a task were not included in the samples. Differences in the distance between electrodes from which a neuron pair was recorded affect the detection of correlations, such that neurons from two electrodes >400 pm apart seldom showed activity correlations (Sakurai, 1993) . Therefore, only neuron pairs from one electrode or two neighboring electrodes 200 pm apart were included in the sample. Consequently, the total number of neuron pairs analyzed by the cross-correlation analysis was 18 in the TC and 37 in the hippocampal formation (14 from CAl, 13 from CA3, and 10 from DG).
Examples of cross-correlograms
showing activity correlations between neurons Figure 10 is an example of the cross-correlograms obtained from a neuron pair in CAl. The figure is divided into left, middle, and right portions, corresponding to when the rat was performing the simple auditory, simple visual, and configural auditory-visual discrimination tasks, respectively. Tasks to which each neuron of this pair was related are identical (AK) and completely overlap one another. This pair showed activity correlations in all tasks. The shapes of the cross-correlograms indicate that excitatory shared inputs to the neurons functioned during the performance of the tasks. Figure 11 is an example of the cross-correlograms from a neuron pair in CAl. Tasks to which each neuron of the pair was related are partly different, and they partly overlap one another. This pair showed activity correlation in the visual discrimination task, in which both neurons showed task-related activities. Figure 12 is an example of the cross-correlograms obtained from a neuron pair in CAl. Tasks to which each neuron of the pair was related are completely different from one another. This pair showed no activity correlation in any task. Figure 13 is an example of the cross-correlograms from a neuron pair in CA3. None of the neurons of the pair were task-related in any task. This pair showed no activity correlation in any task. To test that peaks in the difference cross-correlograms are statistically significant, a band of 99.5% confidence limits (Abeles, 1982) for the equivalent, independent Poisson processes is shown by broken lines for each difference cross-correlogram. Upper right portions of each cross-correlograms show numbers of spikes obtained from each neuron of the pair and also show the estimated synaptic connections functioning between the neurons. The top of the figure shows the unit number, region, neuron numbers of the pair, and the tasks in which each neuron of the pair showed task-related activity. This pair showed activity correlations in all of the tasks. Numbers of several types of neuron pairs of neurons that had the same related tasks completely or partly, Table 1 of neurons the related-tasks of which are different from one 10, 11, 12). This is further divided into two types. One is a pair another (e.g., Fig. 12 ). The table also shows the numbers of Some neurons from the hippocampal formation and the temporal cortex are related to simple auditory, simple visual, or configural auditory-visual memory processes, some are related to two of these processes, and others are related to all of these processes. The proportions of these one-task-related, two-tasks-related, and all-tasks-related neurons are almost the same. This finding does not support the theory of single-neuron coding, which predicts that each individual neuron is involved exclusively in one type of memory process, but it does support the theory of population coding by cell assemblies, which predicts that each individual neuron is involved more generally in several different types of memory processes. Neurons comprising cell assemblies are thought to be somewhat overlapped (Palm, 1990) , in the sense that some individual neurons underlie several different processes. The present results suggest such functional overlapping of neurons. This manner of population coding by cell assemblies is thought to be general across different regions of the brain, because both the hippocampal formation and the neocortical region had almost equal proportions of overlapped neurons. encodes auditory, visual, or configural memory processes. The neurons comprising each of the assemblies are somewhat overlapped with one another. In the overlapped and nonoverlapped portions, all types of the task-related neurons are expected to be found and in fact were found in the present study.
Activity correlations among neurons comprising a cell assembly
If the model outlined in Figure 14 is correct, activity correlations among the neurons within each of the assemblies are expected. Specifically, the neurons that showed task-related activity in the auditory task (A, AK AC, and AVC in Fig. 14) are part of the assembly encoding the auditory memory process and should show activity correlations when the rat is performing the auditory task. The task-related neurons in the visual task (I/; AK VC, and AVC in Fig. 14) are part of the assembly encoding the visual memory process and should show activity correlations when the rat is performing the visual task. Finally, the task-related neurons in the configural task (C, AC, VC, and AVC in Fig. 14) are part of the assembly encoding the configural memory process and should show activity correlations when the rat is performing the configural task. The neurons that showed task-related activity in all of the tasks (AVC in Fig. 14) contribute to all of the assemblies and should show activity correlations in all tasks. These hypotheses can be summarized as follows. A pair of neurons that have overlapped related tasks should show activity correlations when the overlapped tasks are being performed. Figures 10 and 11 are examples that fit this hypothesis. Figure 14 also indicates that a pair of neurons that have no overlapped related tasks should show no activity correlation in all tasks. Figure 12 is an example that supports this. A pair of task-related and no task-related neurons and a pair of no task-related neurons should show no activity correlation in all tasks. Figure 13 is an example that fits this hypothesis.
Portions marked by asterisks in Table 1 indicate the numbers of neuron pairs that support the hypotheses derived from Figure 14 . The examples of Figures lo-13 are included in these portions. In the hippocampal formation (CA1 + CA3 + DG), the total number of pairs supporting the hypotheses is 31, whereas that of the other pairs is five. Therefore, activity correlations of the hippocampal formation neurons clearly support the population coding by cell assemblies in Figure 14 . In the TC, the total number of pairs supporting the model is eight and that not supporting the model is 10. Therefore, for the TC, the model of cell assemblies in Figure 14 is assumed only by the result of the functional overlapping of single neurons, not by activity correlation among the neurons. This might mean that the hippocampal formation, rather than neocortical regions, acts as an especially large and dynamic neuronal ensemble that encodes memory processes (Eichenbaum, 1993) .
What types of information are encoded by cell assemblies? A previous study (Sakurai, 1994) compared working memory and reference memory tasks. The former was nonmatching-to-sample, which required discrimination and comparison of the stimuli, whereas the latter was simple discrimination, which required only discrimination of the stimuli. Because these tasks employed the identical apparatus, time parameters, and stimuli, only the types of memory processing differed between them (Sakurai, 1992) . The results showed functional overlapping of individual neurons from the hippocampal and neocortical regions; that is, some of the neurons were involved solely in working memory or reference memory, whereas others were involved in both. Another previous study (Sakurai, 1993) showed dynamic changes of activity correlations among the hippocampal or neocortical neurons between working and reference memory processes. These previous studies comparing the tasks in which the stimuli were identical and the processing of the stimuli was different suggest population coding by cell assemblies. The present study, on the other hand, compared the tasks in which the stimuli were different and the processing of the stimuli (discrimination only) was identical, and again gave results suggesting, more clearly and systematically, population coding of memory processes by cell assemblies.
Several other studies have shown that ensemble activities of the hippocampal or neocortical neurons are related to memory for space (Wilson and McNaughton, 1993) , odors (Schoenbaum and Eichenbaum, 1995) and visual stimuli (Miller et al., 1993) . In addition to these memory processes, sensory processes for visual stimuli (Gochin et al., 1994) , visual motion (Britten et al., 1992) , faces (Young and Yamane, 1992) odors (Laurent and Davidowitz, 1994) and sound location (M. ) are related to populated or ensemble activities of neurons. Moreover, several researchers have reported dynamic and correlated activities of neurons in relation to behavioral events and contexts that imply memory, sensory, and motor processes (E. Abeles et al., 1993; Nicolelis et al., 1995; Vaadia et al., 1995) . All of those studies and the present work suggest that cell assemblies could be "neural codes" (Abeles, 1988) not only of memory processes but also of many sensory and motor processes (Eichenbaum, 1993) . These types of microcircuits may become a dominant concept in neuroscience (Douglas and Martin, 1991) and may integrate biological experiments with studies of network theories (Amit et al., 1994) and samples in vitro (Rose and Siebler, 1995) .
Reconciliation of population coding with the single-neuron concept The present study indicates that cell assemblies encoding memory processing are composed of task-related neurons. This means that population coding by cell assemblies is realized not by a group of uniform neurons but by groups of differently featured neurons. Therefore, the concept of cell assembly could reconcile population coding with the single-neuron concept. Many individual taskrelated neurons in the present study showed differential activation among the discriminative stimuli and could encode differences of significance of the stimuli in the tasks. On the other hand, the tasks could not be differentiated sufficiently by the individual neuronal activities because of the functional overlapping of the neurons. The cell assemblies and the single neurons might encode separate information in memory. The former encode the type of memory process or context to give appropriate meanings to differential activities of individual neurons.
Unique functions of the hippocampal formation and the TC The concept of cell assembly is a manner of coding and might be common across different brain regions. Features of individual neurons, which comprise cell assemblies, however, have been shown to be different among various regions. This could contribute to unique functions of each region. Distribution differences of each one-taskrelated neurons in the present study could contribute to different features of cell assemblies and functional differences between the hippocampal and neocortical regions. The TC had more one-taskrelated neurons related to the auditory discrimination task than the hippocampal formation did (Fig. 9) . Activities of these neocortical neurons did not reflect simple sensory responses, because they showed no differential activation not during the task. Notable learning-related plasticity in the temporal (auditory) cortical neurons (Weinberger, 1993; Weinberger et al., 1993 ) is believed to contribute to these activities. Although the TC had no one-task-related neurons related to the configural task, the hippocampal formation had some (Fig. 7) . These neurons might contribute to association functions of the hippocampus. This does not simply support the configural association theory of the hippocampus (Sutherland and Rudy, 1989) however, because there were more hippocampal neurons related to the other tasks.
